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Abstract:  The  spectral  response  of  quartz  is  a  phenomenon  of  interest 
to  countermine  technologies  because  of  suspected  disruption  in  spectral 
signature  from  disturbed  soil  during  emplacement  of  landmines  in  the 
subsurface.  The  research  was  divided  into  two:  data  analysis  using  spectral 
information  from  the  Advanced  Spaceborne  Thermal  Emission  and  Reflec¬ 
tion  (ASTER)  spectral  library  and  a  laboratory  study  using  a  Fourier  trans¬ 
form  infrared  (FTIR)  spectrometer. 

Spectral  and  mineralogical  data  for  five  major  soil  orders  (Alfisols, 
Aridisols,  Entisols,  Mollisols,  and  Inceptisols)  were  acquired  from  the 
spectral  library.  Using  these  data,  the  relationship  of  the  percentage  of 
reflectance  around  the  8.2-pm  quartz  peak  to  the  percentage  of  quartz  in 
a  soil  was  used  to  develop  a  linear  regression  model.  The  equations  from 
this  model  predict  the  expected  quartz  peak  reflectance  for  a  soil  of  given 
quartz  percentage.  The  predictive  equations  determined  from  the  ASTER 
database  can  be  modified  based  on  quartz  species  and  grain  size  to  enable 
better  prediction  of  expected  reflectance  from  natural  soils. 

The  FTIR  system  was  used  to  measure  the  spectral  response  of  different 
forms  of  quartz,  clays,  and  quartz-clay  mixtures.  The  spectral  results 
revealed  that  different  species  of  quartz  exhibit  different  reflectance  spec¬ 
tra,  suggesting  that  the  quartz  reflectance  response  of  a  given  soil  type  will 
vary  depending  on  its  impurities  and  depositional  history.  Grain-size  frac¬ 
tion  plays  an  important  role  in  influencing  the  magnitude  of  reflectance. 
From  the  pure  quartz  studied,  as  grain  size  decreased  from  particle  diame¬ 
ters  of  1180  pm  to  less  than  300  pm,  FTIR  reflectance  increased  according 
to  a  logarithmic  relationship. 
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Summary 

This  report  describes  development  of  a  preliminary  method  to  predict  the 
long-wave  infrared  (LWIR)  reflectance  response  near  the  8.2-pm  quartz 
peak  for  a  variety  of  soil  types,  in  support  of  research  on  countermine 
technology.  The  8.2-pm  quartz  peak  represents  a  specific  reststrahlen 
band  of  spectral  reflectance.  Soil  disturbance,  such  as  landmine  emplace¬ 
ment,  can  disrupt  the  reflectance.  The  research  is  divided  into  two  studies: 
data  analysis  from  an  existing  spectral  library  and  laboratory  analysis 
using  a  Fourier  transform  infrared  (FTIR)  system. 

Spectral  and  mineralogical  data  for  five  major  soil  orders  (Alfisols, 
Aridisols,  Entisols,  Mollisols,  and  Inceptisols)  were  acquired  from  the 
Advanced  Spaceborne  Thermal  Emission  and  Reflection  (ASTER)  spectral 
library  The  library  is  a  compilation  of  approximately  2000  spectra  of  natu¬ 
ral  and  manmade  materials  from  three  spectral  libraries:  the  John  Hop¬ 
kins  University  Spectral  Library,  the  Jet  Propulsion  Laboratory  Spectral 
Library,  and  the  U.S.  Geological  Survey  Spectral  Library.  The  collective 
library  is  maintained  by  the  Jet  Propulsion  Laboratory,  California  Institute 
of  Technology.  Data  relating  the  percentage  of  reflectance  around  the 
8.2-pm  quartz  peak  to  the  percentage  of  quartz  in  a  soil  were  used  to  fit 
linear  equations.  Each  soil  type  was  plotted  individually  and  then  com¬ 
bined  into  one  data  set.  These  relationships  allowed  prediction  of  an 
expected  8.2-pm  quartz  peak  reflectance  for  a  soil  of  given  quartz  percent¬ 
age.  An  average  expression  for  the  combined  data  set  is  presented  when 
the  user  encounters  a  situation  in  which  no  knowledge  of  the  soil  order, 
mineral  content,  or  impurities  is  available.  This  is  given  in  Equation  1, 
which  defines  the  expected  peak  reflectance  for  the  native  soil  with  knowl¬ 
edge  of  the  quartz  content. 

Reflectance  {%)  =  0.1595  *  Quartz  content  (%)  (1) 

A  laboratory  was  used  to  measure  the  spectral  reflectance  response  of 
different  forms  of  quartz,  clays,  and  quartz-clay  mixtures. 

The  reststrahlen  response  is  also  dependent  on  the  type  of  quartz, 
impurities  in  the  quartz  grains,  and  the  grain-size  properties.  The  FTIR 
measurements  revealed  that  different  species  of  quartz  exhibit  different 
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spectra,  suggesting  that  the  quartz  reflectance  response  of  a  given  soil  type 
within  the  LWIR  waveband  will  vary  depending  on  its  parent  material. 
Observed  changes  in  peak  reflectance  increased  by  as  much  as  2.5  times 
the  pure  quartz  reflectance.  The  ASTER  dataset  showed  that  impurities  in 
quartz  can  alter  the  magnitude  of  the  peak  reflectance  by  a  factor  of  as 
much  as  2.5  as  well.  Therefore,  with  greater  knowledge  of  the  quartz 
origins,  the  reflectance  magnitude  of  Equation  1  can  be  modified. 

The  FTIR  study  also  explored  the  role  of  the  grain-size  fraction  in 
determining  the  magnitude  of  reflectance.  For  a  pure  quartz  sample,  as  the 
grain  size  decreased  from  particle  diameters  of  1180  pm  to  less  than 
300  pm,  the  spectral  reflectance  increased  according  to  a  logarithmic  rela¬ 
tionship  given  in  Equation  2.  Previous  work  suggests  that  reflectance 
increases  with  increasing  grain  size.  However,  these  studies  (Lyon  1964; 
Salisbury  and  Wald  1985)  demonstrated  this  relationship  only  for  soils  of 
particle  diameters  less  than  500  pm,  and  usually  for  the  fraction  less  than 
too  pm. 

Reflectance  (%)  =  -3.656  In  (grain  size  in  ?m)  +  28.438  (2) 

The  findings  presented  in  this  report  provide  a  means  to  approximate  the 
expected  reststrahlen  signatures  in  the  field  for  native  soil  if  knowledge  of 
grain  size  and  mineralogy  is  adequate.  This  can  then  improve  the  ability  to 
detect  disturbed  soil  locations  or  other  foreign  bodies  based  on  differences 
in  reststrahlen  signature. 

Future  studies  should  focus  on  the  coarser  grain-size  fraction  of  quartz 
materials,  as  this  is  more  typical  of  grain  sizes  found  in  terrestrial  environ¬ 
ments.  Grain  size  coupled  with  quartz  content  should  account  for  many  of 
the  corrections  necessary  to  predict  field  reflectance  for  undisturbed  soils. 
Moisture  and  density  remain  the  variables  still  to  be  studied  and  should  be 
included  in  any  further  test  programs. 
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1  Introduction 

The  U.S.  Army  Engineer  Research  and  Development  Center  (ERDC) 
supports  the  Countermine  Phenomenology  Program  and  the  Night  Vision 
and  Electronic  Sensors  Directorate  (NVESD)  through  the  characterization 
of  the  near-surface  environment  surrounding  a  mine.  Various  ERDC  work 
units  have  addressed  the  characteristics  of  disturbed  soil  following  mine 
emplacement.  An  initial  need  identified  by  NVESD  is  a  table  of  the 
expected  reststrahlen  contrast  for  a  known  mineralogical  composition  of 
soil.  This  report  describes  development  of  a  preliminary  method  to  predict 
the  long-wave  infrared  (LWIR)  reflectance  response  near  the  8.2-pm 
quartz  peak  (reststrahlen  band)  for  a  variety  of  soil  types. 

Reststrahlen 

The  following  explanation  of  the  reststrahlen  effect  is  taken  from  Korte 
and  Roseler  (2005): 

The  term  reststrahlen  was  coined  following  the  observation  by 
H.  Rubens  (more  than  a  century  ago)  that  repeated  reflection  of  an 
infrared  beam  at  the  surface  of  a  given  material  suppresses 
radiation  at  all  wavelengths  except  for  certain  spectral  intervals. 

The  measured  intensity  for  these  special  intervals  (the  reststrahlen 
range)  indicates  a  reflectance  of  up  to  80%  or  even  more,  while  the 
maximum  reflectance  due  to  infrared  bands  of  dielectric  materials 
are  usually  <10%.  After  four  reflections,  the  intensity  of  the  latter  is 
reduced  by  a  factor  of  10-4  compared  to  the  intensity  of  the  incident 
radiation,  while  the  light  in  the  reststrahlen  range  can  maintain 
40%  of  its  original  intensity  by  the  time  it  reaches  the  detector. 
Obviously,  this  contrast  increases  with  the  number  of  reflections 
and  explains  the  observation  made  by  Rubens  and  the  term 
reststrahlen  (residual  rays)  used  to  describe  this  spectral  selection. 

A  disturbed  sample  is  one  in  which  the  soil  structure  has  been 
compromised.  The  spectral  response  in  such  an  environment  would  signal 
a  possible  foreign  object,  such  as  a  subsurface  mine.  As  expected,  chemical 
and  elemental  components  of  a  mineral  are  important  in  interpreting  such 
a  response.  However,  it  is  essential  to  address  the  physical  aspects  as  well. 
Kelch  et  al.  (1999)  identify  four  characteristics  used  to  detect  soil 
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disturbance  as  mineralogical  composition,  particle  size,  particle  coating, 
and  lignin  and  cellulose  content.  In  this  context,  a  thorough  understanding 
of  the  subsurface  environment  and  soil  mineralogy  is  needed  to  associate 
and  interpret  the  response  of  optical  and  hyperspectral  (HSI)  instruments. 

Geologic  influences 

Quartz  (Si02)  is  a  major  component  of  soils.  In  addition,  most  of  the  silica 
in  the  earth’s  crust  occurs  as  the  polymorph  of  a-quartz  (Broekmans 
2004).  As  described  by  Salisbury  and  D’Aria  (1992),  remote  sensing  aids 
in  identifying  quartz  and  other  soil  constituents.  As  a  result,  the  influence 
of  soil  particle  size  on  the  spectral  emission  of  the  soil  is  better  under¬ 
stood.  Within  these  emissions  spectra,  quartz  displays  prominent  rest- 
strahlen  bands  of  8  to  14  pm  in  the  atmospheric  window  (Salisbury  and 
D’Aria  1992).  However,  variation  exists  within  the  emissions  spectra  that 
cannot  easily  be  described  and  interpreted  from  the  soil  type. 

Based  on  research  by  Salisbury  et  al.  (1987),  the  emittance  spectra  are  a 
complex  function  of  both  the  absorption  coefficient  and  the  refractive 
index,  which  affects  spectral  band  shapes  and  intensities  to  such  an  extent 
that  transmittance  spectra  alone  cannot  be  used  to  predict  emissivity. 
Hamilton  (2003)  also  notes  that  changes  in  the  infrared  spectral  character 
of  minerals  are  affected  if  the  tested  mineral  is  dominated  by  particles 
whose  sizes  approach  or  are  smaller  than  the  wavelength  of  observation,  a 
behavior  referred  to  as  volume  scattering.  Taking  this  information  into 
consideration,  directional  hemispherical  reflectance  spectra  can  be  used  to 
predict  emissivity  in  the  reststrahlen  region  (Salisbury  et  al.  1987; 
Nicodemus  1965). 

Kelch  et  al.  (1999)  identified  16  spectral  features  that  can  be  used  to  detect 
signatures  of  disturbed  soils.  Table  is  a  subset  of  these  features  that 
pertain  to  the  reststrahlen  bands. 


Table  1.  Spectral  region  of  typical  quartz  features  (Kelch  et  al.  1999). 


Spectral  Feature 

Spectral  Region 

Required 

Resolution 

No.  of 
Bands 

LWIR  quartz  reststrahlen  bands 

8  to  10  pm  and 

200  nm 

HSI 

12.2  pm 

200  nm 

1 

LWIR  fine  quartz  and  clay 

8  to  10  pm  and 

50  nm 

HSI 

modifications  of  quartz  reststrahlen 
bands 

12.3  pm 

50  nm 

1 

LWIR  feldspar  reststrahlen  band 

9  to  10  pm 

100  nm 

HSI 
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Previous  research  addresses  the  emissivity  of  soil  types  by  focusing  on  the 
particle  size  of  the  mineral  itself,  specifically  quartz.  Lyon  (1964) 
concluded  through  his  research  on  lunar  and  planetary  soils  that  a 
progressive  reduction  in  particle  size  removes  the  major  reststrahlen 
features.  As  expected,  grain  size  affects  mineral  solubility  because  of  its 
increasing  surface  area  with  diminishing  grain  size.  Quartz  solubility 
increases  significantly  at  grain  sizes  below  ~o.i  pm  due  to  an  inflection 
point  occurring  in  the  particle’s  free  Gibbs  energy  AG/(Broekmans  2004). 
Although  laboratory  analyses  easily  provide  particle-size  distribution  on 
collected  field  samples,  the  in  situ  soil  properties  are  sometimes  lost  in 
laboratory  preparation.  Not  as  easily  addressed  are  dust,  clay  fines,  and 
organics  (collectively  referred  to  in  this  proposal  as  particle  debris)  and 
also  other  silica-bearing  minerals,  such  as  biotite  and  potassium  feldspar, 
which  may  inhibit  or  distort  the  reststrahlen  wavelength. 

Lack  of  understanding  the  source  interfering  with  the  reststrahlen 
response  limits  the  effectiveness  of  many  studies.  The  problem  appears 
broad  in  scope;  however,  by  applying  a  geological  interpretation,  the 
source  of  reststrahlen  interference  can  be  uncovered.  Previous  research 
has  focused  on  soil  type  and  usually  ignores  the  mineralogical  assemblage 
of  the  soil.  The  best  approach  to  identify  material  that  inhibits  or  distorts 
the  reststrahlen  bands  is  a  thorough  study  of  the  mineralogical  component 
of  the  soil.  Knowing  the  soil  type  alone  will  not  provide  the  information 
needed  to  fully  interpret  the  reststrahlen  response. 

A  given  depositional  environment  is  consistent  in  mineralogical 
characteristics.  For  example,  most  beaches  in  coastal  marine 
environments  consist  of  well-rounded  and  well-sorted  quartz.  The  grain 
size  and  shape  is  influenced  by  water  and  wave  action.  By  contrast,  quartz- 
rich  deposits  in  a  desert  environment  will  include  a  wider  variety  of 
particle  sizes  and  shapes,  because  of  the  action  of  wind  with  little  or  no 
water. 

Weathering  alters  the  reststrahlen  response  by  either  exposing  larger 
surface  grains  by  “washing”  of  fine  surface  particles  or  coating  larger 
surface  grains  with  finer  particles.  Accordingly,  the  time  lapse  between 
physical  weathering  events,  and  the  timing  of  soil  disturbance  relative  to 
rainfall  events,  will  also  contribute  to  variation  of  the  reststrahlen 
response.  A  field  study  using  a  portable  Fourier  transform  infrared  (FTIR) 
spectrometer  is  required  to  adequately  predict  the  effects  of  weathering 


ERDC/GSL  TR-09-25 


4 


and  elapsed  time  on  reststrahlen  contrast  (Hook  and  Kahle  1996;  Koh 
et  al.  2006).  A  proposed  second  phase  of  this  research  is  to  field  test  the 
laboratory  results  with  a  portable  FTIR  system. 

The  crystal  structure  of  a  given  mineral  and  its  elemental  composition 
indicate  its  parent  material  or  origin.  These  mineralogical  features  are 
useful  in  identifying  a  depositional  environment  and  conditions  under 
which  the  mineral  formed.  Salisbury  and  D’Aria  (1992)  found  that  crystal 
structure  affects  spectral  behavior.  Although  crystal  structure  is  unique  for 
each  mineral,  polymorphs  of  a  mineral  may  exist  that  possess  the  same 
elemental  composition  but  differ  in  the  crystal  structure.  For  example, 
nine  polymorphs  (also  known  as  species)  of  quartz  exist  with  the  same 
elemental  composition  (Si02)  although  each  has  its  own  crystal  structure 
(Broekmans  2004),  and  additional  silica  polymorphs  remain  to  be  studied. 
Therefore,  information  about  both  mineralogy  and  the  elemental 
composition  is  needed  to  fully  assess  the  reststrahlen  effect. 

Approach 

This  study  focuses  on  the  influence  that  mineral  composition  has  on  soil 
reflectance  as  a  function  of  quartz  species,  grain  size,  and  mineralogy.  For 
simplicity,  soil  classification  can  be  limited  to  the  12  major  soil  orders  of 
the  classification  system  defined  by  the  U.S.  Department  of  Agriculture 
(USDA)  Natural  Resources  Conservation  Service  (USDA-NRCS  1999).  In 
this  system,  soil  orders  are  defined  by  the  presence  or  absence  of  features 
that  reflect  soil-forming  processes,  rather  than  on  engineering  properties 
or  grain-size  distribution. 

The  12  soil  orders  used  in  soil  taxonomy  of  the  USDA-NRCS  (1999)  are 
Alfisol,  Andisol,  Aridisol,  Entisol,  Gelisol,  Histosol,  Inceptisol,  Mollisol, 
Oxisol,  Spodosol,  Ultisol,  and  Vertisol.  The  reststrahlen  effect  changes 
with  geo-environmental  factors  and  with  time.  To  quantify  the  effect  so 
that  it  can  be  tabulated,  it  is  necessary  to  have  a  LWIR  database  that 
contains  soil  spectra  measured  over  a  variety  of  soil  types,  under  varying 
weather  conditions.  The  soils  information  must  include  grain-size  analysis 
and  quantitative  mineralogy  (percentage  of  each  mineral  present). 

Several  reports  were  provided  by  NVESD  containing  extensive  spectral 
data  accompanied  by  grain  size  information  (ERIM  International,  Inc. 
1999a,  1999b;  MTL  Systems,  Inc.  1999;  SAIC  1998).  However,  those 
reports  addressed  the  soil  mineralogy  qualitatively  and  identified  the 
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prominent  minerals  present  in  the  soil,  but  did  not  provide  the  percentage 
of  each  mineral  present  in  a  given  soil.  Because  these  previous  reports  did 
not  include  quantitative  mineralogical  descriptions,  they  could  not  be  used 
for  predictive  analysis  in  this  study. 
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2  ASTER  Data  Analysis 

Twelve  major  soil  orders  as  defined  by  the  NRCS  have  been  mapped 
worldwide.  The  location  and  distribution  of  the  major  soil  orders  for  both 
the  world  and  the  United  States  are  shown  in  Figures  l  and  2,  respectively. 

To  study  soil  influences,  the  ASTER  (1999)  spectral  library  was  used.  The 
library  is  a  compilation  of  approximately  2000  spectra  of  natural  and 
manmade  materials  from  three  spectral  libraries:  the  John  Hopkins  Uni¬ 
versity  Spectral  Library,  the  Jet  Propulsion  Laboratory  Spectral  Library, 
and  the  U.S.  Geological  Survey  Spectral  Library.  The  collective  library  is 
maintained  by  the  Jet  Propulsion  Laboratory,  California  Institute  of  Tech¬ 
nology.  This  library  contains  the  spectral  response  of  minerals  from  five 
major  soil  orders,  including  information  on  mineralogy  and  grain  size.  The 
five  soil  orders  represented  in  the  ASTER  database  are  Alfisol,  Aridisol, 
Entisol,  Mollisol,  and  Inceptisol.  These  soils  account  for  63%  of  the  soil 
coverage  worldwide,  and  71%  of  the  United  States  (Figure  3). 

Appendix  A  summarizes  the  soil  information  obtained  from  the  ASTER 
database,  including  soil  order,  grain  size  information  (percentages  of  sand, 
silt,  and  clay  size  particles),  and  mineralogy  of  the  clay-size  fraction  and 
silt/sand-size  fraction  (labeled  “clay”  and  “coarse,”  respectively,  in  Appen¬ 
dix  A).  Only  those  datasets  containing  peak  reflectance  in  the  8.2-pm 
bandwidth  were  used  in  the  following  analyses  (reflectance  is  not  shown  in 
Appendix  A).  No  indication  of  gravel  content  was  noted  in  the  ASTER 
database.  The  mineralogy  and  quartz  content  of  each  soil  order  were  corre¬ 
lated  with  the  spectral  analysis  signatures  to  identify  trends  characteristic 
of  each  soil  order. 

Soil  spectra  data  analysis 

In  the  following  discussion,  the  terms  clay,  silt,  and  sand  refer  to  the 
USDA  texture  class  designation  (USDA-NRCS  1993;  2002).  The  peak 
reflectance  near  the  8.2-pm  wavelength  was  obtained  from  the  ASTER 
spectral  data  file  for  each  soil  and  plotted  against  the  percentage  of  clay, 
silt,  and  sand  comprising  the  soil  (Figures  4,  5,  and  6).  Exponential  trend 
lines  are  placed  on  each  of  the  figures  to  illustrate  the  typical  change  in 
reststrahlen  associated  with  the  presence  of  ever-increasing  percentages  of 
each  soil  fraction.  These  are  not  intended  for  prediction  purposes. 
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Figure  1.  Location  of  the  major  soil  orders  throughout  the  world  (USDA-NRCS  1999). 
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Figure  2.  Location  of  the  major  soil  orders  throughout  the  United  States  (USDA-NRCS  1999). 
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Figure  3.  Distribution  of  the  major  soil  classes  in  the  world  and  United  States 

(USDA-NRCS  1999). 


Figure  4.  Percentage  of  peak  reflectance  at  the  8.2-pm  wavelength 
related  to  the  percentage  of  clay  in  soil. 
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Figure  5.  Percentage  of  peak  reflectance  at  the  8.2-pm  wavelength 
related  to  the  percentage  of  silt  in  the  soil. 


Figure  6.  Percentage  of  peak  reflectance  at  the  8.2-pm  wavelength 
related  to  the  percentage  of  sand  in  the  soil. 
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Overall,  the  clay  and  silt  plots  show  a  nonlinear  decrease  in  reflectance  as 
the  percentage  of  finer  particles  increases,  a  trend  noted  similarly  by 
Salisbury  and  D’Aria  (1992).  From  Appendix  A,  it  can  be  seen  that  the 
mineralogy  of  the  clay  and  silt  fractions  consists  of  nonreflective 
(nonquartz-bearing)  minerals.  Therefore,  the  increase  in  the  presence  of 
nonreflective  fines  within  a  composite  soil  reduces  the  presence  of 
reflective  quartz-bearing  soil  grains,  creating  an  overall  less  reflective 
surface.  Along  the  same  line  of  reasoning,  as  the  percentage  of  sand 
present  in  the  soil  increases,  the  reflectance  also  increases.  These  graphs 
agree  with  the  known  surface  scattering  effects  in  the  8-  to  12-pm 
waveband,  i.e.,  as  particle  size  decreases,  surface  scattering  increases, 
resulting  in  greater  energy  absorption,  which  translates  to  lower 
reflectance  (Conel  1969).  This  is  seen  in  the  overall  lower  reflectance  of  the 
clay  size  particle  fraction  over  that  of  the  silt  size  fraction  in  Figures  4 
and  5. 

What  is  not  accounted  for  in  this  data  analysis  is  the  study  of  any 
mineralogy  that  might  otherwise  dominate  the  quartz  reflectance 
signature.  Salisbury  and  D  Aria  (1992)  noted  that  gypsum,  biotite,  and 
feldspar  can  skew  the  reststrahlen  feature  by  generating  much  larger 
reflectance  signatures  than  those  represented  by  the  quartz-bearing 
minerals.  Further  investigation  into  the  secondary  mineralogy  of  the 
selected  ASTER  data  may  account  for  reflectance  peaks  far  in  excess  of  the 
noted  trend  lines. 

Influence  of  impurities 

Because  the  reststrahlen  effect  is  dependent  on  the  presence  of  quartz,  the 
peak  percentage  of  reflectance  around  the  8.2-pm  wavelength  and 
percentage  of  total  quartz  were  used  to  compare  the  soil  classes.  It  is 
instructive  to  look  at  the  spectra  of  a  pure  quartz  crystal  versus  other 
samples  of  quartz  containing  different  impurities  listed  in  Figure  7. 
Impurities  in  the  crystal  increase  the  percentage  of  peak  reflectance  2  to 
5  times,  with  smoky  quartz  (tsoib)  showing  the  highest  reflectance  for 
these  samples.  The  level  of  reflectance  of  composite  soils  at  the  8.2-pm 
wavelength  is  generally  less  than  20%  (Figure  6),  which  is  closer  to  that  of 
pure  quartz  (Figure  7)  than  it  is  to  the  impure  varieties.  This  seems 
counterintuitive  to  the  idea  that  the  highest  reflectance  in  the  8.2-pm 
reststrahlen  band  occurs  only  for  pure  quartz.  This  concept  needs  further 
study,  as  these  types  of  impurities  can  occur  anywhere  and  can 
significantly  alter  the  measured  reflectance. 
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Figure  7.  Percentage  of  peak  reflectance  at  the  8.2-pm  wavelength  related  to 
grain  size  for  pure  quartz  and  different  quartz  varieties  (ASTER  1999). 

Influence  of  quartz  content 

Figure  8  is  a  comparison  of  the  reflectance  of  all  five  soil  orders.  Complete 
data  were  available  for  only  one  Entisol  soil.  There  is  a  general  trend  for 
the  reflectance  to  increase  as  the  percentage  of  quartz  in  the  soil  increases. 
The  coefficient  of  determination  (R2)  of  0.63  is  considered  a  strong 
correlation  of  the  two  datasets  (x  and  y  ).  The  trend  line  fit  was  forced 
through  the  origin  because,  at  0%  quartz,  the  reflectance  is  zero. 

A  linear  regression  fit  to  each  of  the  individual  soil  classes,  except  Entisol, 
was  also  computed  (Figures  9, 10, 11,  and  12).  The  trend  fits  in  the  Alfisol 
and  Mollisol  plots  were  also  forced  to  have  a  zero  intercept.  All  of  the 
individual  soil  orders  have  good  individual  coefficients  of  determination 
(R2),  lying  between  0.56  and  0.74,  as  summarized  in  Table  2.  The 
parameter  x  represents  the  percentage  of  quartz  in  a  soil  sample;  y  is  the 
percentage  of  peak  reflectance  at  the  8.2-pm  quartz  peak  within  the  LWIR 
waveband.  These  relations  allow  prediction  of  an  expected  8. 2- pm  quartz 
peak  reflectance  for  a  soil  of  given  quartz  percentage.  This  will  define  the 
expected 
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Figure  8.  Linear  fit  to  the  combined  ASTER  soils  data  set.  Percentage  of  peak  reflectance  at 
the  8.2-pm  wavelength  related  to  the  percentage  of  quartz  present  in  the  soil  sample. 


Table  2.  Relationships  between  percentage  quartz  content  (x)  to  peak  reflectance  (y). 


Soil 

Equation 

R2 

Combined  (average) 

y  =  0.1595x 

0.6275 

Alfisol 

y  =  0.1865x 

0.6831 

Aridisol 

y=  0.1447x 

0.5566 

Inceptisol 

y  =  0.1372X 

0.7392 

Mollisol 

y  =  0.119x 

0.6667 

disturbed  reflectance  for  the  native  soil,  allowing  detection  of  disturbed 
soil  or  the  presence  of  other  foreign  objects  that  should  exhibit  an 
increased  reflectance  signature. 


ERDC/GSL  TR-09-25 


14 


Figure  9.  Linear  fits  of  percentage  of  peak  reflectance  in  Alfisols  at  the  8.2-pm  wavelength 
related  to  the  percentage  of  quartz  present  in  the  soil  sample. 


Figure  10.  Linear  fits  of  percentage  of  peak  reflectance  in  Ardisols  at  the  8.2-pm  wavelength 
related  to  the  percentage  of  quartz  present  in  the  soil  sample. 
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Figure  11.  Linear  fits  of  percentage  of  peak  reflectance  in  Mollisols  at  the  8.2-pm 
wavelength  related  to  the  percentage  of  quartz  present  in  the  soil  sample. 


Figure  12.  Linear  fits  of  percentage  of  peak  reflectance  in  Inceptisols  at  the  8.2-pm 
wavelength  related  to  the  percentage  of  quartz  present  in  the  soil  sample. 
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3  Laboratory  Study 

Purpose 

As  shown  in  Chapter  2  of  this  report,  grain  size  and  mineralogical 
characteristics  are  among  the  factors  that  control  the  spectral  reflectance 
of  quartz.  To  explore  the  effects  of  grain  size  and  mineral  species  on 
reflectance,  laboratory  experiments  were  conducted  on  three  samples  of 
natural  quartz  representing  three  polymorphic  varieties.  The  influence  on 
reflectance  attributable  to  the  influence  of  fine-grained  clay  was  also 
investigated. 

Approach 

A  laboratory  Nicolet  750  FTIR  spectrometer  was  used  to  investigate  the 
reststrahlen  effect  (Figure  13).  The  FTIR  spectrum  provides  a  suitable 
estimate  of  the  reststrahlen  for  a  preliminary  laboratory  investigation  of 
the  effects  of  mineral  speciation  and  grain  size. 


Figure  13.  Nicolet  750  Fourier  Transform  Infrared  Spectrometer. 

Three  samples  of  natural  varieties  of  quartz  (Si02)  were  selected  for  this 
investigation:  a  single-terminated  quartz  crystal  from  Hot  Springs,  AR; 
Dover  chert;  and  Erwin  quartzite  from  Tennessee.  Each  quartz  sample  is 
chemically  similar  (silicon  dioxide  with  very  minor  impurities)  but  with 
differing  crystalline  lattice  structures.  The  Hot  Springs  quartz  crystal  does 
not  contain  impurities  and  was  formed  by  an  igneous  process.  The  Dover 
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chert  is  sedimentary,  formed  in  a  deep  ocean  environment;  and  the  Erwin 
quartzite  is  metamorphic. 

The  Hot  Springs  quartz  crystal  was  pulverized  and  sieved  by  standard 
sieving  techniques  to  investigate  the  grain-size  effect.  The  sample  was 
divided  into  six  distinct  size  fractions:  that  retained  on  the  No.  16 
(1180  pm),  No.  20  (850  pm),  No.  30  (600  pm),  No.  40  (425  pm),  No.  50 
(300  pm)  sieves  and  that  passing  the  No.  50  sieve.  The  Dover  chert  and 
Erwin  quartzite  were  similarly  processed  with  only  the  amount  retained 
and  passing  the  No.  50  sieve  used  for  analysis. 

Influence  of  grain  size 

The  primary  focus  of  this  effort  was  the  investigation  of  the  reststrahlen 
phenomenon  using  FTIR  spectra  as  surrogates.  The  resulting  data  (as 
spectrographs  of  percentage  of  reflectance  plotted  against  wavelength) 
were  not  normalized,  but  the  effects  observed  approximate  those 
attributed  to  the  reststrahlen  effect.  For  example,  the  first  working 
assumption  was  that  the  FTIR  spectra  generated  by  differing  grain-size 
fractions  from  a  single  type  of  quartz  would  differ.  Based  on  the  50-pm 
split  of  material,  the  FTIR  analysis  agreed  with  other  studies  (Lyon  1964; 
Salisbury  and  Wald  1985)  that  the  percentage  of  reflection  is  dependent  on 
grain  size  (Figure  14).  Further  study  on  the  material  retained  on  the  No.  50 
sieve  revealed  an  important  finding.  Reflectance  actually  decreased  with 
increasing  grain  size  in  the  coarse  fraction  (300-  to  1180-pm  range;  Fig¬ 
ure  15).  This  disagrees  with  the  findings  of  Salisbury  and  Wald  (1985)  that 
quartz  in  the  250- pm  range  had  a  higher  reflectance  than  quartz  powders 
(o  to  74  pm)  and  of  Conel  (1969),  who  found  increasing  reflectance  with 
grain  size  from  o-  to  100-pm  diameters.  However,  neither  researcher 
studied  the  behavior  of  material  exceeding  500  pm.  The  trend  observed  is 
nonlinear,  nearly  logarithmic,  and  the  rate  of  reflectance  increases  as  the 
grain  size  decreases  (Figure  16). 
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Figure  14.  Spectra  of  coarser  (50+)  and  finer  (50-)  grained  quartz  material. 
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Figure  15.  Reflectance  for  varying  grain-size  fractions  for  Hot  Springs  quartz. 
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Figure  16.  Trend  of  reflectance  (y)  for  Hot  Springs  quartz  with  grain-size  fraction  (x). 


Influence  of  quartz  species 

Also  examined  were  two  polymorphs  of  quartz,  Dover  chert  and  Erwin 
quartzite.  The  spectra  from  their  fine  fractions  (minus  No.  50)  are 
compared  to  the  spectrum  for  the  same  size  fraction  of  Hot  Springs  quartz 
(Figure  17).  Of  the  three  samples,  the  pure  quartz  crystal  exhibits  the 
highest  reflectance  and  the  Dover  chert  the  lowest.  Because  it  forms  by 
sedimentary  rather  than  igneous  processes,  chert  is  poorly  crystallized  and 
considered  to  be  cryptocrystalline  relative  to  pure  quartz.  The  FTIR 
spectra  indicated  that  intensities  vary  from  sample  to  sample  according  to 
the  crystalline  form  of  the  mineral;  that  is,  polymorphs  of  quartz  will  have 
very  different  reflectance  peaks.  The  Hot  Springs  crystal  has  reflectance 
that  is  approximately  2.5  times  greater  than  the  Dover  chert  and  about 
1.5  times  greater  than  the  Erwin  quartzite.  This  is  a  similar  range  of 
influence  as  seen  due  to  quartz  impurities  shown  in  Figure  7. 

Influence  of  fines  content 

Montmorillonite  clay  was  used  to  study  the  change  in  reflectance 
attributable  to  the  presence  of  fine  particles.  A  USDA  standard  pure 
montmorillonite  was  used  in  the  spectral  analysis.  A  plot  of  its  FTIR 
spectrum  is  shown  as  Figure  18.  Montmorillonite  was  chosen  because  of 
its  expansive  characteristics  and  high  ion  exchange  capacity.  The  ion 
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exchange  capacity  is  a  measure  of  how  easily  anions  and  cations  can 
exchange  within  the  crystal 


Comparison  of  Quartz  Varieties 
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Figure  17.  Comparison  of  spectra  for  three  quartz  species  or  three  quartz  species 

(coarser  than  No.  50  sieve). 


Figure  18.  Spectrum  of  pure  montmorillonite  sample. 
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lattice  of  a  mineral.  FTIR  spectra  were  measured  for  50/50  dry  blended 
mixtures  by  weight  of  montmorillonite/Hot  Springs  quartz, 
montmorillonite/Dover  chert,  and  montmorillonite/Erwin  quartzite 
(Figure  19).  Spectra  of  these  samples  correlate  well  with  what  has  been 
observed  in  other  studies— that  the  addition  of  clay  (as  fines)  reduces  the 
overall  reflectance  signature  in  the  8. 2- pm  band. 


Figure  19.  Spectra  of  montmorillonite  mixed  with  the  three  quartz  species  (50/50). 


It  is  possible  that  the  degree  of  clay  wetting  and  variable  mineralogical 
structure  that  montmorillonite  exhibits  could  influence  its  reflectance 
response.  Attempts  to  develop  time-series  plots  of  moisture  in  a  sample 
were  unsuccessful  because  the  chosen  laboratory  FTIR  spectrometer  is 
hypersensitive  to  atmospheric  water  vapor.  Any  addition  of  moisture  to 
the  montomorillonite/quartz  mixtures  resulted  in  erratic  and  “noisy” 
spectra  and  confounded  meaningful  interpretation.  Moisture  studies 
carried  out  by  Salisbury  and  D  Aria  (1992)  showed  that  reflectance 
decreased  with  increasing  moisture  content. 
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4  Conclusions  and  Recommendations 

Conclusions 

The  spectral  response  of  quartz  (the  reststrahlen  band)  is  a  phenomenon 
of  interest  to  countermine  technologies  because  of  suspected  disruption  in 
spectral  signature  from  disturbed  soil  during  emplacement  of  landmines 
in  the  subsurface.  To  determine  the  behavior  of  infrared  spectral 
reflectance  for  varying  soil  orders,  spectral  and  mineralogical  data  for  5  of 
the  12  major  world  soil  orders  were  acquired  from  the  ASTER  spectral 
library  maintained  by  the  Jet  Propulsion  Laboratory. 

Data  relating  the  percentage  of  reflectance  around  the  8. 2- pm  quartz  peak 
(reststrahlen  band)  to  the  percentage  of  quartz  in  a  soil  were  used  to  fit 
linear  equations  to  the  combined  soil  data  set  and  the  individual  soil 
orders.  These  relations  allowed  prediction  of  an  expected  8.2-pm  quartz 
peak  reflectance  for  a  soil  of  given  quartz  percentage  with  the  average 
expression  taken  from  Figure  8  as 

Reflectance  (%)  =  0.1595  *  Quartz  content  {%)  (1) 

The  reststrahlen  response  was  also  found  to  be  dependent  on  the  type  of 
quartz  and  grain-size  properties,  which  were  an  additional  focus  of  this 
study.  A  laboratory  Fourier  transform  infrared  system  was  used  to 
measure  the  spectral  response  of  different  forms  of  quartz,  clays,  and 
quartz-clay  mixtures.  The  laboratory  measurements  revealed  that  different 
species  of  quartz  exhibit  different  spectra,  suggesting  that  the  quartz 
reflectance  response  of  a  given  soil  type  within  the  LWIR  waveband  will 
vary  depending  on  its  parent  material.  Specific  quartz  species  can  increase 
the  measured  peak  reflectance  shown  in  Equation  1  by  as  much  as 
2.5  times.  Dry  mixtures  (50/50)  of  montmorillonite  with  crushed  quartz 
reduced  the  reflectance  by  at  least  half,  supporting  the  ASTER  dataset 
which  showed  decreasing  reflectance  with  increasing  fines  content.  A 
quantitative  relationship  may  describe  the  effect  of  fines  on  the  spectral 
response. 

Grain-size  fraction  plays  an  important  role  in  determining  the  magnitude 
of  reflectance.  For  a  pure  quartz  sample,  as  the  grain  size  decreased  from 
particle  diameters  of  1180  pm  to  less  than  300  pm,  the  FTIR  reflectance 
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increased  according  to  a  logarithmic  relationship  given  in  Equation  2. 
Previous  work  suggested  that  reflectance  increases  with  increasing  grain 
size;  however,  this  relationship  has  been  demonstrated  only  with  soil 
diameters  of  less  than  500-pm  fractions  and  usually  less  than  100  pm. 

Reflectance  (%)  =  -3.656  In  (Grain  size  in  ?m)  +  28.438  (2) 

The  findings  presented  in  this  report  allow  a  coarse  approximation  of  the 
expected  disturbed  reststrahlen  signatures  for  native  soil  given  knowledge 
of  grain  size  and  mineralogy.  The  correlations  in  this  report  do  not  include 
gravel-sized  aggregates  that  are  often  present  in  natural  soils.  Therefore, 
some  deviation  in  the  spectral  response  is  expected  based  on  the  presence 
of  larger  grains.  The  predictive  equations  are  a  step  toward  improving 
techniques  to  detect  locations  of  disturbed  soil  or  buried  objects  based  on 
differences  in  reststrahlen  signature. 

Recommendations 

An  important  finding  of  the  laboratory  investigation  is  that  polymorphs  of 
quartz  produce  different  infrared  spectra  (Figure  8).  The  percentage  of 
reflectance  was  different  for  each  mineral,  indicating  the  polymorphs  of 
quartz  and  other  minerals  with  polymorphs  will  have  different  infrared 
spectra.  Although  the  polymorphs  of  quartz  studied  exhibit  distinct 
reflectance  intensities  near  8.2  pm,  when  fines  (montmorillonite)  were 
added  to  the  samples,  the  difference  in  spectral  response  was  greatly 
reduced.  Further  laboratory  studies  should  be  conducted  to  determine  if 
there  is  a  quantitative  relationship  between  reflectance  intensity  and  the 
quantity  and  chemical  composition  of  the  fine  fraction. 

Future  studies  should  evaluate  the  spectral  response  of  the  coarser  grain- 
size  fraction  of  the  quartz  materials  (exceeding  1200  pm)  to  account  for 
the  presence  of  larger  aggregates  in  native  soils.  Grain  size  coupled  with 
quartz  content  will  account  for  many  of  the  corrections  necessary  to 
predict  field  reflectance  for  undisturbed  soils. 

To  better  characterize  field  reflectance  values  for  native  soils, 
environmental  effects  must  be  included  in  future  FTIR  studies  focusing  on 
moisture  and  density  variables.  An  analysis  of  these  variables  along  with 
grain-size  distribution  and  quantitative  mineralogy  of  each  soil  studied  at 
successive  time  increments  during  a  test  will  allow  a  better  understanding 
of  the  effects  of  the  weather  effects  and  elapsed  time  on  soil-reflectance 
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properties.  Relationships  can  then  be  developed  to  estimate  the  soil 
reflectance  within  the  reststrahlen  band  for  a  variety  of  soil  types  under 
different  meteorological  conditions  over  a  short  time  period,  simulating 
typical  mission  execution  in  the  field  to  identify  disturbed  soil 
(Koh  et  al.  2006). 
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Appendix  A:  Summary  of  Soil  Data 

This  appendix  summarizes  the  soil  information  obtained  from  the  ASTER 
Spectra  Soil  Library  database  (1999),  including  soil  order,  grain  size  infor¬ 
mation  (percentages  of  sand,  silt  and  clay  size  particles),  and  mineralogy 
of  the  clay-size  fraction  and  silt/sand-size  fraction,  labeled  “clay”  and 
“coarse,”  respectively. 

Mineral  abbreviations  used  in  Table  Ai  are  as  follows: 

Kaol  =  kaobnite 
Mont  =  montmorillonite 
Ill/Musc  =  illite/muscovite 
Verm  =  vermiculite 
K-Spar  =  potassium  feldspar 


Plag  =  plagioclase 


Table  Al.  Summary  of  soil  data  (ASTER  Spectral  Library). 


Order 

Description 

Organic 
Carbon,  % 

Size  Fraction 

Clay  Mineralogy 

Coarse  Mineralogy 

Clay, 

% 

Silt, 

% 

Sand, 

% 

Kaol 

Mont 

lll/Musc 

Verm 

Mica 

Quartz, 

% 

K- 

Spar, 

% 

Plag, 

% 

Glass, 

% 

Description 

Alfisol 

pale  brown  silty 
loam 

2.35 

7.9 

74.7 

17.4 

X 

X 

X 

10 

X 

50 

40%  glass  aggregate;  trace  tourmaline 

Alfisol 

reddish  brown 
fine  sandy 
loam 

1.3 

20.1 

26.1 

53.8 

X 

X 

X 

61 

19 

4 

12%  chalcedony;  3%  clay-coated  quartz; 
traces  of  others 

Alfisol 

reddish  brown 
fine  sandy 
loam 

0.16 

7.3 

7.7 

85.5 

X 

X 

X 

86 

12 

X 

traces  of  others 

Alfisol 

brown  sandy 
loam 

0.71 

12.2 

25.4 

62.4 

X 

X 

X 

51 

31 

2 

7%  biotite;  6%  opaque; 

1%  hornblende,  traces  of  others 

Alfisol 

brown  to  dark 
brown  gravelly 
loam 

8.54 

4.2 

36.5 

60.2 

X 

33 

7 

9 

39%  weathered  aggregate;  4% 
tourmaline;  4%  glass-coated  Grains 

Alfisol 

brown  loamy 
fine  sand 

0.86 

6.3 

8.5 

85.2 

X 

X 

X 

75 

20 

4 

3%  tourmaline;  trace  muscovite, 
microcline,  opaque 

Alfisol 

brown  fine 
sandy  loam 

0.76 

7 

43.2 

49.8 

X 

X 

X 

70 

17 

X 

4 

1%  each  muscovite,  biotite,  opaque, 
amphibole,  zircon;  trace  other 

Alfisol 

brown  fine 
sandy  loam 

1.15 

6.4 

45 

48.6 

X 

X 

X 

67 

17 

1 

7 

3%  opaque;  2%  amphibole; 

1%  biotite;  traces  of  others 

Alfisol 

dark  reddish 

brown  fine 
sandy  loam 

1.44 

8.8 

17.9 

73.3 

X 

X 

96 

4%  iron  oxides;  traces  of  others 

Aridisol 

dark  brown 

interior  moist 
clay  loam 

1.03 

11.1 

50.5 

38.4 

15.5%  CaC03;  3.5%  CaS04 
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Order 

Description 

Organic 
Carbon,  % 

Size  Fraction 

Clay  Mineralogy 

Coarse  Mineralogy 

Clay, 

% 

Silt, 

% 

Sand, 

% 

Kaol 

Mont 

lll/Musc 

Verm 

Mica 

Quartz, 

% 

K- 

Spar, 

% 

Plag, 

% 

Glass, 

% 

Description 

Aridisol 

light  yellowish 
brown  interior 
dry  gravelly 
loam 

0.5 

10.7 

40.4 

48.9 

21%  CaC03 

Aridisol 

brown  to 

brownish 
yellow  dry 
gravelly  silt 
loam 

0.47 

16.4 

41.7 

41.9 

7%  CaC03;  18%  CaS04 

Aridisol 

light  yellowish 
brown  loam 

1.02 

18.1 

70.7 

11.2 

20%  CaC03 

Aridisol 

brown  silty 
loam 

0.89 

7.2 

64.3 

28.5 

70 

trace 

3 

10 

8%  glass  aggregate;  4%  tourmaline; 

3%  muscovite;  2%  glass-coated 
grains 

Aridisol 

light  yellowish 
brown  clay 

0.68 

51.5 

18.8 

29.7 

X 

37 

10 

trace 

36%  carb-aggregate;  4%  opaque; 

3%  hornblende;  2%  biotite; 

1%  calcite;  5%  other;  traces  other 

Aridisol 

light  yellowish 
brown  loamy 
sand 

0.13 

4 

8.3 

87.7 

62 

16 

2 

10%  other;  4%  opaque;  3%  biotite; 

2%  hornblende;  1%  zircon;  trace  other 

Aridisol 

brown  gravelly 
sandy  loam 

0.1 

3.2 

15.5 

81.3 

X 

X 

X 

52 

17 

1 

16%  other;  7%  opaque;  3%  biotite; 

3%  hornblende;  1%  goethite; 

1%  zircon;  trace  other 

Aridisol 

dark  yellowish 
brown  silty  clay 

0.4 

58.1 

15.3 

26.6 

X 

X 

X 

43 

12 

2 

trace 

25%  biotite;  9%  hornblende; 

5%  other;  3%  opaque;  2%  zircon; 

trace  other 

Aridisol 

very  dark 
grayish  brown 
loamy  sand 

0.51 

4.6 

6.9 

88.5 

64 

2 

2 

21%  feldspar;  2%  opaque;  7%  other; 

trace  other 
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Order 

Description 

Organic 
Carbon,  % 

Size  Fraction 

Clay  Mineralogy 

Coarse  Mineralogy 

Clay, 

% 

Silt, 

% 

Sand, 

% 

Kaol 

Mont 

lll/Musc 

Verm 

Mica 

Quartz, 

% 

K- 

Spar, 

% 

Plag, 

% 

Glass, 

% 

Description 

Aridisol 

red-orange 
sandy  soil 

5% 

9% 

79 

Aridisol 

red-orange 
sandy  soil 

6% 

X 

16% 

61 

12%  smectite 

Aridisol 

grey 

calcareous  silty 
soil 

X 

19% 

49 

22%  smectite  (chlorite  + 
montmorillonite);  7%  calcite 

Aridisol 

grey 

calcareous  silty 
soil 

X 

X 

X 

Fe  Chlorite; 

Entisol 

fluvial  deposit 

see 

comment 

trace 

16% 

59 

20%  smectite;  grain  size  analysis 

of  fraction  finer  than  2  mm  indicates 

35%  finer  than  20  micrometer  (12% 

finer  than  5  micrometer) 

Entisol 

red-orange 

sandy 

loam/alluvium 

see 

comment 

8% 

X 

10% 

72 

7%  smectite;  47%  finer  than  20  pm 
(22%  finer  than  5  pm) 

Entisol 

sandy  loam/ 

alluvium 

see 

comment 

X 

12% 

11% 

63 

10%  smectite;  57%  finer  than  20  pm 
(24%  finer  than  5  pm) 

Entisol 

alluvial  sand 

see 

comment 

X 

94 

8%  finer  than  20  urn  (5%  finer  than 

5  pm) 

Entisol 

red-orange 
sandy  loam 

see 

comment 

13% 

X 

15% 

58 

11%  smectite;  52%  finer  than  20  pm 
(23%  finer  than  5  pm) 

Entisol 

red-orange 
sandy  loam 

see 

comment 

6% 

9% 

76 

4%  smectite;  34%  finer  than  20  pm 
(15%  finer  than  5  pm) 

Entisol 

red-orange 
sandy  loam 

see 

comment 

6% 

11% 

67 

13%  smectite;  38%  finer  than  20  pm 
(16%  finer  than  5  pm) 

« 

o 
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Order 

Description 

Organic 
Carbon,  % 

Size  Fraction 

Clay  Mineralogy 

Coarse  Mineralogy 

Clay, 

% 

Silt, 

% 

Sand, 

% 

Kaol 

Mont 

lll/Musc 

Verm 

Mica 

Quartz, 

% 

K- 

Spar, 

% 

Plag, 

% 

Glass, 

% 

Description 

Inceptisol 

pale  brown  dry 
silty  clay  loam 

0.95 

36.5 

47.4 

16.1 

NA 

NA 

29%  CaC03 

Inceptisol 

very  dark 
grayish  brown 
silty  loam 

3.8 

12.9 

84.1 

6.1 

X 

X 

X 

3% 

75 

14 

3%  opaque;  1%  each  tourmaline, 
plant  opal,  zircon,  amphibole, 

other  weathered  materials 

Inceptisol 

dark  brown 
fine  sandy 
loam 

3.41 

5.9 

18.8 

75.3 

X 

X 

X 

24 

2 

16 

34%  biotite;  10%  muscovite; 

8%  garnet;  1%  each  epidote,  rutile, 
pyroxene,  zircon,  opaque, 
weathered  aggregate; 

Inceptisol 

brown  to  dark 
brown  gravelly 
fine  sandy 
loam 

5.43 

2.7 

29 

68.3 

NA 

10 

7 

40%  weathered  aggregate; 

24%  glass-coated  grains;  19%  glass 
aggregate;  1%  tourmaline; 

Inceptisol 

gray/dark 
brown 
extremely 
stony  coarse 
sand 

6.18 

7.1 

21.1 

71.8 

X 

X 

X 

50 

7 

1 

trace 

20%  muscovite;  9%  other; 

7%  biotite;  5%  opaque;  1%  chlorite; 
trace  hematite,  pyroxene,  zircon, 
calcite,  hornblende; 

Inceptisol 

dark  yellowish 
brown 

micaceous 

loam 

0.96 

25.7 

30.7 

43.6 

X 

X 

X 

10 

2 

67%  biotite;  17%  muscovite; 

3%  goethite;  2%  opaque;  trace 
garnet,  plant  opal,  tourmaline, 
chlorite,  rutile,  zircon; 

Inceptisol 

brown  sandy 
loam 

NA 

NA 

50 

trace 

24%  muscovite;  17%  biotite; 

3%  other;  2%  garnet;  1%  opaque; 

1%  hornblende;  trace  rutile, 

tourmaline,  chlorite,  zircon; 

CO 
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Order 

Description 

Organic 
Carbon,  % 

Size  Fraction 

Clay  Mineralogy 

Coarse  Mineralogy 

Clay, 

% 

Silt, 

% 

Sand, 

% 

Kaol 

Mont 

lll/Musc 

Verm 

Mica 

Quartz, 

% 

K- 

Spar, 

% 

Plag, 

% 

Glass, 

% 

Description 

Mollisol 

grayish  brown 
loam 

2.49 

12 

26.7 

61.3 

trace 

X 

50 

12 

6 

12 

8%  glass  aggregate;  4%  hornblende; 

2%  opaque;  1%  each  zircon, 
carb-aggregate,  other,  epidote, 
biotite,  calcite;  trace  muscovite 

Mollisol 

black  loam 

6.64 

17.5 

45.9 

36.6 

trace 

X 

trace 

trace 

56 

2 

6 

30%  glass  aggregate; 

6.4%  tourmaline; 

Mollisol 

dark  grayish 
brown  silty 
loam 

2.29 

30.3 

63.4 

6.3 

trace 

X 

trace 

10% 

38 

11 

15 

7 

8%  plant  opal;  4%  opaque; 

3%  pyroxene;  2%  hornblende; 

1%  weathered  materials; 

trace  tourmaline 

Mollisol 

gray  silty  clay 

1.88 

25.6 

63.1 

11.3 

X 

X 

X 

17 

4 

trace 

calcite;  78%  other  weathered 

materials;  1%  tourmaline;  trace 

muscovite 

Mollisol 

very  dark 
grayish  brown 
loam 

2.87 

17.5 

31.9 

50.6 

X 

X 

X 

59 

25 

2 

1 

5%  opaque;  3%  other;  2%  pyroxene; 

1%  each  goethite,  weathered 
aggregate,  zircon,  hematite; 
trace  biotite  and  plant  opal; 

Mollisol 

very  dark 
grayish  brown 
loam 

1.06 

13.9 

32.4 

53.7 

X 

X 

X 

77 

16 

trace 

goethite;  3%  resistant  aggregate; 

1%  other;  1%  hornblende; 
trace  zircon,  opaque,  amphibole, 
pyroxene,  biotite; 

Mollisol 

brown  to  dark 
brown  sandy 
loam 

0.61 

8.1 

18.7 

73.2 

X 

X 

X 

73 

15 

goethite;  5%  weathered  aggregate; 

4%  resistant  aggregate;  2%  opaque; 

1%  other;  1%  zircon;  traces  biotite, 
amphibole,  garnet,  chlorite; 
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Size  Fraction 

Clay  Mineralogy 

Coarse  Mineralogy 

Order 

Description 

Organic 
Carbon,  % 

Clay, 

% 

Silt, 

% 

Sand, 

% 

Kaol 

Mont 

lll/Musc 

Verm 

Mica 

Quartz, 

% 

K- 

Spar, 

% 

Plag, 

% 

Glass, 

% 

Description 

Mollisol 

very  dark 
grayish  brown 
silty  loam 

2.22 

22.8 

54.6 

22.6 

X 

X 

X 

71 

1 

1 

4 

11%  feldspar;  1%  each  biotite, 
plant  opal,  iron  oxides,  glass 
aggregate,  glass-coated  grains, 
muscovite;  2%  other;  3%  weathered 
aggregate;  trace  hornblende,  zircon, 
apatite,  pyroxene,  garnet 

Mollisol 

very  dark 
grayish  brown 
loam 

1.11 

14.5 

41 

44.5 

X 

X 

X 

63 

2 

1 

1 

chlorite;  18%  feldspar;  5%  other; 

4%  weathered  aggregate; 

2%  opaque;  1%  each  glass 
aggregate,  biotite,  hornblende; 

trace  zircon,  tourmaline, 
glass-coated  grains,  plant  opal, 
garnet,  carb-aggregate,  muscovite; 
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